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The  Removal  of  Heteroatoms  From  Organic 
Compounds  by  Supercritical  Water 

FINAL  REPORT 

STATEMENT  OF  THE  PROBLEM 

Since  Supercritical  Water  (SW)  has  been  shown  to  be  effective 
in  removing  nitrogen  in  the  form  of  euomonia  from  several  organic 
nitrogen  compounds  (1,2)  and  in  the  destruction  of  cyanide  wastes 
(3) ,  the  study  of  the  reactions  of  SW  with  organic  compounds 
containing  heteroatoms  was  expanded  to  include  sulfur  and  chlorine 
compounds  as  well  as  those  containing  nitrogen  with  the  expectation 
that  it  may  be  effective  in  their  removal  also.  Specifically,  the 
conditions  (primarily  temperature)  necessary  for  removal  of  the 
heteroatoms  and  the  formation  of  Innocuous  organic  products  were 
investigated.  An  acid  catalyst  (ZnCl2)  or  hydrogen  transfer  agent 
(dihydroanthracene  >  DHA)  was  used  when  needed.  Product 
distribution  and  kinetic  data  were  used  to  elucidate  mechanisms  for 
some  reactions  when  possible. 

The  compounds  that  were  used  to  model  the  hazardous  materials 
were  divided  into  four  groups: 

(a)  Nitrogen  compounds  -  trihexylamlne,  guinuclidlne, 
benzylidenebenzylamlne,  quinoline,  phenylpiperidine,  phenylpyridine 
nitrotoluene  and  dinltrotoluene. 

(b)  Oxygen  coiqpounds  -  ethyl  benzilate,  cyclohexyl  acetate, 
benzaldehyde,  benzyl  alcohol,  benzyl  benzoate, and  benzoic  acid. 

(c)  Chlorine  compounds  -  1-chlorohexane,  1-chlorododecane,  1- 
phenyl-3-chloropropane  and  2>chlorotoluene. 

(d)  Sulfur  compoimds  •  benzyl  sulfide  and  thianaphthene. 
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SUMMARY  OF  RESULTS 
Nitrogen  Compounds 

The  consumption  of  p**nitrotoluene  was  quantitative  at  all 
conditions  and  in  the  presence  of  SW  gave  significantly  higher 
yields  of  volatile  products,  primarily  p-toluldlne  and  aniline, 
than  the  10-15%  obtained  from  pyrolysis.  These  higher  yields  were 
at  the  expense  of  char  (solids)  and  tar  (nonvolatile  liquid) 
formation.  These  volatile  product  yields  were  further  Increased  by 
the  presence  of  2  Molar  ammonia  and/or  DMA  to  40-70%  depending  on 
conditions.  Ammonia  has  been  found  to  be  an  effective  catalyst  for 
several  SW  reactions  giving  faster  reactions  and/or  more  volatile 
products.  Unfortunately,  the  p-nitrotoluene  results  were  not 
extrapolatable  to  2 , 6-dinitrotoluene  which  gave  only  char  and  tar, 
no  volatile  products,  at  all  conditions. 

The  compounds  quinuclidine  and  ethyl  benzyilate  (to  be 
discussed  later)  were  of  interest  as  simulants  for  BZ  (3- 
quinuclidinyl  benzilate) .  It  was  thought  that  trihexylamine  could 
be  used  as  a  replacement  for  quinuclidine  since  the  latter  was 
expensive  and  difficult  to  obtain.  This  proved  to  be  incorrect 
both  because  of  their  relative  reactivities  and  their  products. 
Quinuclidine  was  fairly  unreactive  in  SW  unless  the  ZnCl2  catalyst 
was  added  (e.g.  100%  reacted  at  l  hour  and  400C  with  ZnCl2  vs.  30% 
at  1  hour  and  450C) .  The  main  products  found  were  alkyl  pyridines 
which  also  require  a  catalyst  such  as  ZnCl2  to  react  in  a 
reasonable  time  period  and  give  complete  nitrogen  removal. 
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Quinoline  represents  the  nitrogen  heterocycles  for  which 
nitrogen  removal  is  more  difficult;  the  product  distribution  from 
this  reactant  had  been  discussed  previously  (l) .  The  kinetics  of 
the  quinoline  -  SW  reaction,  which  required  ZnClj,  led  to  the 
following  conclusions  (4) :  (a)  It  is  heterogeneously  catalyzed 
with  a  negligible  contribution  from  homogeneous  reactions,  (b)  The 
rate  is  best  described  by  an  equation  first  order  in  both  quinoline 
and  ZnCl2  and  Inverse  first  order  in  water,  which  is  consistent 
with  a  Langmulr-Hlnshelwood  surface  catalyzed,  bimolecular 
mechanism  with  competitive  adsorption  between  the  reactants.  The 
observed  activation  energy  supported  this  conclusion.  (c)  The 
product  distribution's  dependence  on  time  indicated  the  initial 
step  in  the  reaction  was  the  rupture  of  the  CN  bond  in  the  1,2 
position,  followed  by  fragmentation  of  the  hydrocarbon  side  chain 
to  provide  species  for  ring  alkylation. 

Oxygen  Compounds 

The  results  with  SH  plus  ethyl  benzllate  indicated  that  the 
ester  portion  of  BZ  would  rapidly  hydrolyze  to  form  the  acid  and 
alcohol  as  intermediates.  The  benzilic  acid  (not  observed) 
decarboxylates  quickly  for  form  diphenyl  carbinol  which  further 
reacts  to  form  primarily  diphenyl  methane  and  benzophenone.  The 
addition  of  ZnCl2  promoted  the  further  breakdo%m  of  these  two  ring 
products  to  give  high  yields  benzene,  toluene  and  ethylbenzene  (5) . 
These  results  lead  to  the  conclusion  that  the  reactions  of  some 
hazardous  materials  with  SW  could  produce  chemicals  that  could  be 
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recycled  into  conmerclal  products,  rather  than  being  completely 
converted  to  COj  and  water  by  oxidation/conbustion  methods. 

The  results  with  cyclohexyl  acetate  Indicated  that  the  alcohol 
portion  of  the  ester  hydrolysis  tends  to  dehydrate  in  the  presence 
of  SW  to  form  the  alkene. 

Benzaldehyde  was  an  important  intermediate  in  a  previous 
nitrogen  removal  study  (2) .  Several  of  the  oxygen  compounds 
examined  were  either  observed  or  postulated  as  Intermediates  also. 
These  compotmds  confirmed  the  ability  of  NHj  (which  would  be 
present  during  nitrogen  removal)  to  catalyze  their  reaction,  and 
the  results  helped  elucidated  the  mechanisms  of  these  reactions 
(6). 

Chlorine  Compounds 

All  the  aliphatic  chloro  compounds  reacted  similarly  whether 
by  pyrolysis  or  in  SW,  apparently  eliminating  HCl  rapidly  followed 
by  some  alkyl  chain  fragmentation.  The  most  important  observation 
was  that  in  SW  the  HCl  reacted  quantitatively  with  the  reactor 
walls  (both  Inconel  and  stainless  steel)  which  was  indicated 
initially  by  odor  and  confirmed  by  Induction  Coupled  Plasma 
analyses  for  metal  ions  in  the  water  phase.  Thus  the  reaction 
products  could  be  distorted  by  the  presence  of  hydrogen  rather  than 
HCl,  a  point  which  has  been  overlooked  in  previous  publications 
(7,8).  Attempts  to  gold  plate  the  steel  reactor  were  not 
successful  due  to  some  of  the  plating  peeling  during  reaction. 

An  alternative  to  be  pursued  in  a  new  progreun  being  initiated 
is  to  find  conditions  at  which  a  glass  insert  can  survive  the 
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pressures  In  the  metal  reactor.  The  approach  will  be  to  balance 
the  pressures  with  water  external  to  the  Insert  and  reactant  -  SW 
inside  the  insert.  An  experiment  exposing  pyrex,  Vycor  and  quartz 
to  SW  showed  that  pyrex  was  not  suitable,  apparently  being  leached 
by  SW  to  leave  a  soft,  powdery  surface.  Vycor  and  quartz  appeared 
unaffected. 

The  2  chlorotoluene  was  most  affected  by  SW.  At  450C  and  30 
to  60  minutes  about  10%  reacted  during  pyrolysis,  whereas  with  SW 
the  reactions  were  80**100%  complete.  The  products  were  about  the 
S2uiie  in  both  cases,  40-70%  toluene  with  small  amounts  of  benzene 
and  the  rest  char  and  tar.  Again  the  HCl  reacted  with  the  walls. 
Thus,  it  can  be  concluded  that  SW  is  quite  effective  in  removing 
aromatic  chlorine  atoms. 

Sulfur  Compounds 

The  compounds  were  chosen  because  they  represented 
heterocyclic  and  aliphatic  sulfur  compounds  which  should  yield 
volatile  condensable  products  for  analyses.  The  thianaphthene  was 
quite  unreactive,  only  20%  reacted  in  4.5  hours  at  500C,  yielding 
small  amounts  of  toluene  emd  benzene  the  only  volatile  products 
found.  Thus  a  catalyst  would  be  necessary  for  more  complete  sulfur 
removal . 

The  benzyl  sulfide  was  100%  reacted  at  400C  and  30  min.  The 
major  products  were  toluene  and  benzene  which  comprised  above  60% 
of  the  consumed  reactant,  small  eunounts  of  blbenzyl  and  a  compound 
with  a  180  mass  no. ,  possibly  dihydrophenanthrene,  and  traces  of 
biphenyl  and  a  168  mass  no.  isomer  were  found.  Unfortunately  time 


5 


4 


ran  out  before  additional  experiaenta  could  be  performed  on  these 
coapoiinds. 
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